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ABSTRACT
There appears to exist a conflict between the standard structure formation theory and the existence of the faint dwarf
spheroidal galaxies in the Local Group. Theoretical considerations suggest that a cold dark matter universe has been a
very hostile place for the formation of small galaxies. In particular, gas would not have been able to cool and condense
to form stars inside dark matter halos with a velocity dispersion ≤ 10 km/s since before the cosmological reionization
epoch. In other words, one should not expect to see any major star formation activities in dwarf galaxies with a velocity
dispersion ≤ 10 km/s during the past 12 Gyr, according to the current structure formation theory. The real universe,
on the other hand, shows that all dwarf spheroidal galaxies in the Local Group have velocity dispersions ≤ 10 km/s and
extended and recent star formation activities are quite common in them.
This apparent conflict between cold dark matter models and local observations can be resolved, if one allows the cold
dark matter particles to decay relatively recently. The resolution comes about in that the dwarf spheroidal galaxies with
a velocity dispersion of ∼ 10 km/s seen today were born, in this picture, in a small fraction of halos with a velocity
dispersion of ∼ 20 km/s, where gas can be retained and is able to cool and contract to form stars. The presently observed
lower velocity dispersion (∼ 10 km/s) of these dwarf spheroidal galaxies is a consequence of the decay of one half of the
dark matter in and subsequent expansion of the halos since redshift z ∼ 2.
Subject headings: Cosmology: theory – galaxies: evolution – galaxies: formation – galaxies: halos –
Local Group
1. INTRODUCTION
In the standard picture of structure formation, over the
redshift interval z ∼ 10−100 a sufficient amount of molec-
ular hydrogen may be able to form and enable gas to cool
and condense at temperature T ≪ 104K, capable of assem-
bling stellar systems with a velocity dispersion≪ 10 km/s
(Haiman, Thoul, & Loeb 1996; Tegmark et al. 1997). How-
ever, a very small fraction of total baryons collapsed in
these first generation stellar systems would have formed
enough stars to generate enough sub-13.6eV photons (to
which the universe is largely transparent even then) to
completely photo-dissociate hydrogen molecules well be-
fore enough hydrogen ionizing photons (> 13, 6 eV) have
been produced to reionize the universe.
Subsequently, gas cooling and hence collapsing is not
possible in halos with a virial temperature Tv < 10
4K (or
baryonic masses < 108[(1 + zv)/10]
−3/2; Haiman, Rees,
& Loeb 1997). However, an early soft X-ray background
could enhance the formation of hydrogen molecules (by
providing extra free electrons) thus may somewhat pro-
long the period of gas cooling in halos with a virial tem-
perature Tv < 10
4K (Haiman, Abel, & Rees 2000). Once
hydrogen molecules are destroyed, star formation becomes
inactive (there may be exceptional regions enriched with
metals where metal cooling at T < 104 is possible thus
some star formation activities may take place there), until
the nonlinear scale of the density perturbations reaches a
virial temperature T ∼ 104K.
At that point a sufficient number of galaxies in halos
of virial temperature T ≥ 104K (with hydrogen collisional
excitation cooling being the primary coolant) quickly form
enough stars and the universe gets reionized at a very rapid
pace (Gnedin & Ostriker 1997). Between the epoch of
molecular hydrogen elimination and the completion of cos-
mological reionization some gas may passively sit in halos
with Tv ≤ 10
4K but is incapable of cooling and condens-
ing to form stars. Unfortunately, even this already settled
gas will be driven out of the shallow halo potential wells
(on a timescale of sound crossing time ≪ 1 Gyr), when
the universe is reionized, leaving the halos virtually gas-
less (Barkana & Loeb 1999) and depriving them of chance
for any further star formation.
After reionization, the temperature of the intergalactic
medium of the universe is raised to ≥ 104K (Miralda-
Escude´ & Rees 1994) and subsequent accretion of gas
onto halos with Tv ≤ 10
4K is prohibited (Efstathiou 1992;
Thoul & Weinberg 1996; Quinn, Katz, & Efstathiou 1996;
Kepner, Babul, & Spergel 1997; Navarro & Steinmetz
1997; Kitayama & Ikeuchi 2000; Gnedin 2000b). Reioniza-
tion of once-ionized helium at lower redshift (perhaps at
z ∼ 3) may still increase the temperature of the intergalac-
tic medium (Hui & Gnedin 1997; Schaye et al. 2000), while
additional shock heating due to breaking of long density
waves progressively raises the temperature of the inter-
galactic medium further at somewhat lower redshift (Cen
& Ostriker 1999).
In summary, it does not seem to be possible to (bottom-
up) form isolated stellar systems with a velocity dispersion
< 10 km/s since redshift at least as high as z = 6, at which
the universe seems to have already been reionized (Fan et
al. 2000). The age of the universe then is ≤ 1 Gyr. In
other words, star formation in dwarf galaxies with a ve-
locity dispersion ≤ 10 km/s can only occur ≥ 12 Gyr ago
(assuming that the present age of the universe is 13 Gyr)
and no later episodes of star formation are allowed. This
is a generic feature of cold dark matter models as well as
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2warm or collisional dark matter models.
However, observations of our local neighborhood, the
Local Group, show that there exist a dozen or so dwarf
spheroidal galaxies, all of which have a velocity dispersion
≤ 10 km/s (8.5 ± 2.0 km/s seems to bracket the velocity
dispersions of all the Local Group dwarf spheroidal galax-
ies; van den Bergh 2000). These dwarf spheroidal galaxies
have complicated star formation histories but it is clear
that extended and recent star formation activities are com-
mon. For example, the star formation in Fornax may be
as recent as < 1 Gyr ago (Saviane, Held, & Bertelli 2000),
so are Sculptor (Monkiewicz et al. 1999) and Sagittarius
(Bellazzini, Ferraro, & Buonanno 1999); Carina experi-
enced three significant episodes of star formation at ∼ 15,
∼ 7 and ∼ 3 Gyr ago, with the main burst of star forma-
tion during the episode 7 Gyr ago (Hurley-Keller, Mateo,
& Nemec 1998); In Leo I 70-80% of stars formed between
7 and 1 Gyr ago (Gallart et al. 1999).
How can one reconcile this clear theoretical prediction
with solid local observations? One possible solution is that
these dwarf spheroidal galaxies are produced during the
formation of or interactions (such as close encounters or
mergers) between giant galaxies. However, this explana-
tion seems unlikely because the central dark matter den-
sity of the observed dwarf spheroidal galaxies appears to
be higher than that of giants; fragments of larger galaxies
are unlikely to have a higher density than their parents
(Kormendy & Freeman 1998).
In this Letter, we suggest that this apparent conflict
may be resolved in the decaying cold dark matter model
(ΛDCDM) recently proposed (Cen 2000). This is not be-
cause gas can be accreted onto halos with a velocity dis-
persion < 10 km/s in ΛDCDM rather it is because halos
seen today with a velocity dispersion 10 km/s have a ve-
locity dispersion 20 km/s at birth in ΛDCDM, onto which
gas accretion is not prohibited or already settled gas would
not have been driven out of the halos in the cosmological
reionization phase.
2. FORMATION OF DWARF SPHEROIDAL GALAXIES IN
DECAYING COLD DARK MODEL
Dwarf spheroidal galaxies have very high mass-to-light
ratios (van den Bergh 2000, Fig 15.3; Hirashita, Tamura,
& Takeuchi 2000) and thus are dark matter dominated
(Faber & Lin 1983; Lin & Faber 1983). Observations indi-
cate that the stellar mass function in them is very similar
to globular clusters in giant galaxies down to very small
stellar mass, implying that it is unlikely that the dark mat-
ter in the dwarf spheroidal galaxies may be stellar, since
globular clusters do not contain a significant amount of
dark matter (Feltzing, Gilmore, & Wyse 1999). This then
brings out our assumption that dwarf spheroidal galax-
ies are cold dark matter dominated stellar systems on all
scales in the context of cold dark matter models. There-
fore, the dynamics of dwarf spheroidal galaxies is mostly
determined by the cold dark matter within; dynamically,
baryons evolve passively inside dark matter halos of dwarf
spheroidal galaxies.
The decaying cold dark matter model (Cen 2000) was
recently suggested to alleviate the small-scale power excess
problem at z = 0 in the canonical cosmological constant
dominated cold dark matter model (Ostriker & Steinhardt
1995), which has been remarkably successful on larger
scales. In this model one half of the cold dark matter
particles decay into relativistic particles by zero redshift
with a decay time of 1.4t0 (t0 is the current age of the uni-
verse). By z = 2 about 10% of cold dark matter particles
have decayed. Hence, in this model, virialized halos are
not static but evolve at low redshift (z < 2) when a sub-
stantial amount of dark matter starts to decay. Because
the dark matter decay time scale is much longer than the
dynamic time of a halo, a halo primarily experiences an
adiabatic expansion when the cold dark matter particles
decay at low redshift. Since the baryons do not play a
significant dynamic role, the dynamics of dark matter ha-
los is particularly simple. Basically, an isolated halo will
grow larger in size (radius) by a factor of approximately
two and its total mass becomes smaller by a factor of ap-
proximately two, after one half of the dark matter has
decayed. Therefore, the velocity dispersion of such a halo
is approximately reduced by a factor of two from z ∼ 2 to
z = 0.
As a consequence, a halo seen today with a velocity dis-
persion of 10 km/s had a velocity dispersion of 20 km/s
at birth and had maintained this velocity dispersion until
z ∼ 2 in ΛDCDM. Unlike halos with a velocity dispersion
of 10 km/s, where accretion of photoionized gas is com-
pletely suppressed, gas accretion onto halos with a velocity
dispersion of 20 km/s is permitted. Besides, throughout
the cosmological reionization phase these halos would have
retained gas that was settled in before cosmological reion-
ization. This may resolve the apparent conflict between
the existence of extended star formation activities in dwarf
spheroidal galaxies and the cold dark matter model.
3. DISCUSSION
Although star formation is, in principle, not prohib-
ited in halos with a velocity dispersion of 20 km/s and
could occur over an extended period throughout the life
of the universe, gas accretion onto them may be signifi-
cantly hindered by photoionization heating and other heat-
ing processes. In fact, simulations have shown that pho-
toionization heating can cause suppression of gas accretion
onto halos with a velocity dispersions up to 50− 70 km/s
(Thoul & Weinberg 1996; Quinn, Katz, & Efstathiou 1996;
Navarro & Steinmetz 1997; Gnedin 2000b). But detailed
hydrodynamic simulations with sufficient mass and spatial
resolutions to resolve the halos in question are required to
quantify this effect definitively.
However, even if gas accretion onto halos with a velocity
dispersion of 20 km/s is completely suppressed after the
cosmological reionization epoch, these halos may still have
enough gas that was accreted at earlier times; these halos
could have accreted gas before the cosmological reioniza-
tion epoch and retained the gas, unlike halos with a ve-
locity dispersion of ≤ 10 km/s (Barkana & Loeb 1999). It
is relevant to discuss the effect of supernovae from star-
bursts in dwarf spheroidal galaxies. Mac Low & Ferrara
(1999) have shown that mass ejection efficiency is very
low for galaxies with mass M > 107M⊙. Since the dwarf
spheroidal galaxies today have massM > 2×107M⊙ (and
higher at high redshift in our model), it seems possible that
they have retained most of their gas over their lifetime.
This would then have permitted extended star formation
activities in them, although star formation activities could
be intermittent due to internal supernova heating (Burkert
3& Ruiz-Lapuente 1997; Hirashita 2000); this is consistent
with the observed star formation histories of local dwarf
spheroidal galaxies.
It is worth noting that the observationally inferred ve-
locity dispersion thus mass of the dwarf spheroidal galax-
ies is based on the assumption that these galaxies are in
dynamical equilibrium. If they are not in dynamic equi-
librium, then their mass would be lower and dark matter
content may not be as high, which would exacerbate the
problem considered here; i.e., without dark matter halos,
the star formation activities of the dwarf spheroidal galax-
ies would be even more difficult to understand. Considera-
tions of tidal perturbations of dwarf spheroidal galaxies by
giants prefer the existence of a deep potential well of dark
matter (Hirashita, Kamaya, & Takeuchi 1999); in other
words, without dark matter halos, it will be very diffi-
cult to maintain the orderly existence of dwarf spheroidal
galaxies in the vicinities of large galaxies as in the Local
Group environment. Under the assumption of dynamical
equilibrium one finds that the average density within the
virial radius of the dwarf spheroidal galaxies is approx-
imately 106ρcrit (where ρcrit is the present critical den-
sity of the universe), indicating an early formation epoch
(z ≥ 10) of these halos (e.g., Peebles 1997). This early
epoch of formation has the virtue of collecting gas easily
before cosmological reionization and does not necessarily
require substantial accretion of gas at later epochs, as dis-
cussed above. Using Press-Schechter (1974) theory one
estimates that the number density of halos with a veloc-
ity dispersion > 20 km/s is 103 − 104 Mpc−3 at z = 10
in the ΛDCDM model, significantly higher than the num-
ber density of the Local Group dwarf spheroidal galaxies
(∼ 1 Mpc−3). Clearly, a large number of halos with a
velocity dispersion 20 km/s could have formed before cos-
mological reionization.
Klypin et al. (1999) have shown that the abundance of
halos with a velocity dispersion of≥ 20 km/s in the ΛCDM
model at z = 0 is roughly a factor of 3 higher than the
abundance of the observed dwarf spheroidal galaxies with
a velocity dispersion of ∼ 10 km/s in the Local Group. As-
suming that the only effect of introducing decaying cold
dark matter particles is to reduce the velocity dispersion
of halos by a factor of two, the difference between their
simulations and observations implies that only about 1/3
of halos with a velocity dispersion of ∼ 20 km/s in the
ΛDCDM model that have not been cannibalized end up
as dwarf spheroidal galaxies with a velocity dispersion of
∼ 10 km/s as seen in the Local Group. The fate of the re-
maining 2/3 of dwarf spheroidal galaxy halos with a veloc-
ity dispersion of ≥ 10 km/s has interesting consequences.
One possibility is that they may have been tidally dis-
turbed and thus are more dispersed to be detected easily
perhaps at stages later than the Sagittarius dwarf galaxy
(Ibata, Gilmore, & Irwin 1994) or is already part of the
halo stars of giants. The second possibility is that these
dwarf spheroidal galaxies are just further away and they
are not yet detected due to their low surface brightness.
The third possibility is that they were neither tidally dis-
rupted nor formed enough stars. In this case, it is unclear
whether they are gas rich or not. Perhaps likely is that
the gas content of these “dark” dwarf spheroidal galaxies
is strongly environment dependent; those closer to the gi-
ants may suffer effects such as ram pressure stripping. It
is also possible that these “dark” dwarf galaxies may con-
tain mostly ionized gas, thus their gas may not be easily
detectable in HI 21 cm surveys (e.g., Young 2000).
Interestingly, there is an intriguing coincidence. In the
vast majority of all the observed dwarf spheroidal galaxies
the star formation rate declines sharply about 10 Gyr ago
(Grebel 1998; Mateo 1998; Gnedin 2000a), which corre-
sponds to redshift z ∼ 2 in the ΛDCDM model (Cen 2000).
Incidentally, this is about the redshift after which cold
dark matter particles start to decay significantly and hence
dwarf galaxy halos start to expand significantly. Two ef-
fects could arise. First, the expansion of the halos cause a
simultaneous expansion of the baryonic gas thus reduces
the baryonic surface density. Second, the lowering of the
halo velocity dispersion further reduces the accretion rate
of photoionized gas onto the halos. Both effects reduce star
formation rate and could have caused the sharp decline of
star formation rate in the observed dwarf spheroidal galax-
ies ∼ 10 Gyr ago.
Finally, the scenario presented here may be tested by
future observations. It is predicted that there should be
no dwarf spheroidal galaxies with a velocity dispersion of
≤ 10 km/s at z ≥ 2; there should be a minimum velocity
dispersion of approximately 20 km/s for dwarf spheroidal
galaxies at z ≥ 2. The dwarf spheroidal galaxies should be
more compact at z ≥ 2 than today; they should be smaller
in size by a factor of ∼ 2 and surface brightness higher by a
factor of ∼ 4 (perhaps more considering stellar evolution)
at z ≥ 2 than today. NGST may be able to detect such
dwarf spheroidal galaxies at z ∼ 2 (Stockman & Mather
1999).
4. CONCLUSIONS
A host of theoretical arguments indicate that no sig-
nificant star formation activity should have taken place
in dwarf spheroidal galaxies with a velocity dispersion
≤ 10 km/s in the past 12 Gyr, in any cold (or warm or col-
lisional) dark matter universe. Observations, on the other
hand, tell us that all dwarf spheroidal galaxies in the Lo-
cal Group have a velocity dispersion ≤ 10 km/s and much
more recent (than 12 Gyr ago) star formation activities in
them are common. Therefore, we face a conflict between
theory and observations.
We suggest that this apparent conflict may be resolved
in the decaying cold dark matter model. In this model
these dwarf spheroidal galaxies were born in halos with
a velocity dispersion of ∼ 20 km/s, in which gas may be
retained and/or accreted, and cooling and condensation
could occur for an extended period of time. Thus, ex-
tended and recent star formation activities in them would
have been possible. The presently observed lower velocity
dispersion (≤ 10 km/s) of these dwarf spheroidal galaxies
results from the decay of one half of the dark matter in
and subsequent expansion of the halos since redshift z ∼ 2.
Future observations such as by NGST may be able to de-
tect high redshift dwarf spheroidal galaxies. It is predicted
by the current scenario that they should be smaller, have
higher surface brightness and higher velocity dispersion at
high redshift.
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